UV-fluorescent product that is very soluble is produced. This fluorescence can spread across the entire petri dish with prolonged incubations. The substrate sprayed on the plate completely disappears, beginning as a cleared zone around the colony and eventually spreading across the entire plate. A second fluorescent phenotype is observed when DBT is metabolized to DBTO2. This fluorescence is less bright than the fluorescence seen with 2HBP, and the DBTO2 fluorescence remains closely associated with the bacterial colony. Also, the production of DBTO2 from DBT is not associated with complete clearing of DBT from the assay plate as seen with the production of 2HBP. Unlike 2HBP and DBTO2, the third intermediate detected in the DBT plate assay is not UV fluorescent. Its presence is detected by the complete clearing of DBT or DBTO2 from the assay plate. The identity of this intermediate has not been determined.
Desulfurization assays were also performed in liquid culture. For these assays, cells were incubated overnight at 30'C in LB medium, pelleted by centrifugation, and then washed three times in BSM. Washed cells were used to inoculate fresh BSM containing the test substrate so that the beginningA60 was 0.1.
The test substrate (DBT or DBTO2) was supplied at a concentration of 0.1% or as specified in the figure legends. The assay cultures were shaken at 30'C for 24 to 48 h, and the culture supernatants were analyzed by high-performance liquid chromatography (HPLC). For desulfurization assays involving E. coli XL1-Blue and MZ1, 0.01% Casamino Acids and thiamine (5 pug/ml) were added to support growth. For desulfurization assays that involved an incomplete desulfurization pathway, 2 mM (NH4)2SO4 was included to support growth.
DNA sequencing and analysis. Deletion clones for DNA sequencing were constructed in pBluescript by using exonuclease III and the method of Henikoff (9) . The DNA nucleotide sequences of both strands were determined by the dideoxy chain termination method of Sanger et al. (32) , using Sequenase 2.0 (U.S. Biochemical) and a-_3S-dATP (Amersham).
Sequence assembly and analysis were performed with DNA Inspector II (Textco, Hanover, N.H.).
The SwissProt protein database was searched for amino acid similarities with the BLITZ program of Sturrock and Collins (37) , which implements the Smith and Waterman best local similarity algorithm (35) . Predicted amino acid sequences were also compared with the Prosite motif compilation by using the BLOCKS electronic-mail server (10) . Optimal alignments between two protein sequences were performed by using the FastP algorithm of Lipman and Pearson (24) at a ktuple of 1.
Construction of mutations and subcloning of the sox genes. Frameshift mutations in individual sox open reading frames (ORFs) were constructed in pSAD69-37 at the specific sites indicated in Fig. 1 by using partial restriction enzyme digestion and blunting the ends with DNA polymerase I Klenow fragment. The blunt-ended ScaI restriction site was interrupted with HindIll linkers.
By site-directed mutagenesis, the DNA sequence upstream of each sox ORF was altered to create an NdeI site that included the AUG initiation codon. This mutation facilitated the insertion of each sox gene downstream of the XcII ribosomal binding site in pSAD262-1 (see Fig. 3 ). Mutagenesis was performed by using oligonucleotide-directed in vitro mutagenesis kit version 2.1 (Amersham), with oligomers obtained from Midland Certified Reagent Co. (Midland, Tex.). The mutant oligomers (shown 5' to 3', with the NdeI site underlined) were as follows: soxA, GGACGCATACCATATGACTCAAC; soxB, AAGGACAACCCATATGACAAGCC; and soxC, AG GAACATCCATATGACACTGT.
Induction of Sox proteins from the APL promoter. To induce expression of the Sox proteins from the APL promoter, we followed the protocol described by Reddy et al. (30) . E. coli MZ1 containing pSAD267-1, pSAD277-7A, or pSAD269-2A was grown in LB-ampicillin overnight with shaking at 30'C. Cells were diluted 1:100 with fresh LB-ampicillin and shaken at 30'C until the A600 was between 0.4 and 0.6. An equal volume of LB-ampicillin (prewarmed to 50'C) was added, and the cells were shaken at the induction temperature (39 or 420C) for 15 min to 2 h. Cells were harvested by centrifugation at 3,000 X g for 15 min at 4°C and examined for protein expression by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or analyzed for activity in the liquid desulfurization assay. For use in the desulfurization assay, pelleted cells were washed three times with BSM and used to inoculate fresh BSM-Casamino Acids-thiamine-ampicillin containing 0.05% DBT or DBTO2 to anA6. of 0.1. To assay more than one sox ORF together with the same substrate, the clones were induced separately under optimal induction conditions and cells from the separately induced cultures were combined for the assay. The assay cultures were shaken at 30°C for 24 (6) . Hybridizations were performed in 6X SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-50% formamide at 42°C, and the membranes were washed under stringent conditions (0.1 X SSC at 50°C) as described by Sambrook et al. (31) .
Nucleotide sequence accession number. The nucleotide sequence of the 9.7-kb Sau3AI-EcoRI fragment from Rhodococcus sp. strain IGTS8 has been submitted to GenBank and assigned accession number U08850.
RESULTS
The Rhodococcus desulfurization genes are expressed in E. coli. We previously cloned DNA fragments from Rhodococcus sp. strain IGTS8 and showed that the ability to desulfurize DBT to 2HBP could be transferred to a desulfurizationnegative mutant of IGTS8, strain UV1, and also to a separate species, R fascians (3). To make it easier to manipulate the genes, the desulfurization phenotype was also expressed in E.
coli.
Two subclones that contained the 6.5-kb BstBI fragment from pSAD48-12 (3) in both orientations with respect to the lac promoter were constructed in pBluescript KS-and SK-(pSAD225-32 and pSAD167-32) (Fig. 1 ). E. coli was transformed by the plasmids, and the ability of the E. coli cells to desulfurize DBT was measured in the desulfurization assay. HPLC analysis of whole cells cultured with DBT as the sole sulfur source confirmed that pSAD225-32 conferred the desulfurization phenotype to E. coli NC3 ( Table 2 ). The production of 2HBP was increased by the addition of 0.01% Casamino Acids, but 0.1% Casamino Acids was inhibitory ( products could be expressed in active form in E. coil. Furthermore, since the phenotype was dependent on only the activity of a single lac promoter, the results suggested that one gene mediated the desulfurization reaction or that multiple genes were being transcribed as an operon in E. col.
A 4.0-kb BstBI-BsiWI fragment was subcloned from the 6.5-kb BstBI fragment to create pSAD231-4 ( Fig. 1 ). This plasmid contained the smallest DNA fragment that could impart to E. coli the ability to desulfurize DBT to 2HBP (data not shown).
DNA sequence and analysis. One hundred forty-three deletion subclones were generated by the exonuclease III deletion strategy and used to sequence both strands of the Rhodococcus 9.7-kb Sau3AI-EcoRI DNA fragment. Sequence analysis of the 4.0-kb BstBI-BsiWI fragment (which encodes the desulfurization genes) revealed that the DNA strand that was under control of the E. coli lac promoter in pSAD225-32 encoded three ORFs that began with AUG and were >200 amino acids in length ( Fig. 1 and 2 ). These three ORFs were designated soxA, soxB, and soxC (for sulfur oxidation), reflecting the order in which they appeared in the sequence. The opposite DNA strand encoded two more ORFs within the 4.0-kb BstBI-BsiWI fragment, designated ORFi and ORF2 (Fig. 1) . The ORFi sequence extended beyond the BsiWI site, making it unlikely to encode a desulfurization gene. ORF2, which spanned soxB and soxC, could be mutated without affecting desulfurization (see below), indicating that it was not involved in the desulfurization pathway. In addition, expression of these two ORFs under control of the lac promoter in pSAD167-32 did not result in DBT desulfurization (data not shown).
We originally attempted to express the phenotype in E. coli by cloning the 15-kb EcoRI-HindIII DNA fragment from pSAD48-12 into pBluescript SK-and KS-. When cloned in either orientation with respect to the lac promoter, this DNA did not confer to E. coli the ability to desulfurize DBT (3). The DNA sequence in the region 5' to the sox genes was examined for possible E. coli transcription terminators. Such a sequence might explain why the 15-kb EcoRI-HindlIl fragment from pSAD48-12 did not confer the desulfurization phenotype to E. coli, even when cloned under the lac promoter (3) . A short inverted repeat followed by four thymidines was located -300 nucleotides 5' to soxA (data not shown). If transcribed into RNA, this sequence (CGACGAUCUAACCAGAUCGACG GUUUU) could form a stem-loop structure that might interfere with the transcription of downstream ORFs, including the sox genes. Thus, our previous inability to express these genes in E. coli (3) might be attributed to premature transcription termination in the original subclone.
Three gene products are involved in DBT desulfurization. To determine which genes were specifically involved in DBT desulfurization, deletions and point mutations were created in each of the sox genes. To avoid the possibility of premature transcription termination in E. coli (see above), the 1.5-kb Sau3AI-BstBI fragment was deleted by cloning the 6.5-kb BstBI fragment into pBluescript KS-(pSAD225-32; Fig. 1) under control of the lac promoter. Deletion of the 2.5-kb BsiWI-BstBI fragment created pSAD231-4 ( Fig. 1 ), which still conferred to E. coli the ability to metabolize DBT to 2HBP.
Other deletion mutants were constructed and examined for their ability to desulfurize DBT or DBTO2 in the plate or desulfurization assays. The cultures from the desulfurization assays were examined by HPLC for the accumulation of desulfurization intermediates.
The ABstEII-BstEII mutant (pSAD174-4; Fig. 1 ) contained only intact soxC and metabolized DBT to DBTO2 (Table 3) . This result was confirmed in Rhodococcus organisms by using a frameshift mutation (see below) and indicated that the SoxC protein was sufficient to perform the first step in the desulfurization pathway, oxidation of DBT to DBTO2.
The ASphI-BsiWI mutant (pSAD236-2; Fig. 1 (Table 3 ).
The role of soxA4 was tested by deleting the 1.7-kb ApaIBsiWI fragment (pSAD175-8; Fig. 1 The activity of each gene product was also tested in Rhodococcus sp. strain UV1. Mutations in the sox genes were created in pSAD69-37 (Fig. 1) . The mutated DNA was subcloned into pLAFR5 on a 9.7-kb EcoRI fragment, and the Rhodococcus origin of replication from pRF29, contained on a 4.5-kb HindIII fragment, was added to each construct. Deletion of the -1.7-kb Sau3AI-ScaI fragment (pSAD94-56; Fig. 1 ), which removed the 5' end of soxA and the upstream region, completely blocked DBT desulfurization in Rhodococcus strain UV1. Since soxC was present but DBT was not metabolized to DBT02, it is likely that the 1.7-kb Sau3AI-ScaI fragment contains a Rhodococcus promoter and that the sox genes are transcribed as an operon in Rhodococcus sp. strain IGTS8.
A frameshift mutation at one of the SphI sites (pSAD160-7; Fig. 1 ) did not affect the metabolism of DBT to 2HBP, as determined by the DBT plate assay. This result was consistent with our observations that the 4.0-kb BstBI-BsiWI fragment encoded the desulfurization pathway. An insertion mutation at the second SphI site (pSAD159-6; Fig. 1 ) interrupted soxC. Cells containing this plasmid had no detectable desulfurization activity when DBT was used as a substrate in the plate or desulfurization assays. This confirmed that the SoxC protein is involved in the early steps of DBT metabolism and is consistent with the results with E. coli which indicated that SoxC produces DBTO2 from DBT. A frameshift mutation at the ScaI site (pSAD161-12; Fig. 1 ) interrupted soxA. Results obtained with the DBT plate assay indicated that DBTO2 was being produced but not 2HBP. HPLC analysis of desulfurization assay cultures showed a DBTO2 peak, indicating that this mutation halts DBT metabolism at DBTO2. These data, combined with the results for E. coli (see above), make it likely that DBTO2 is the substrate for the SoxA protein in the desulfurization pathway.
Both the ApaI mutation (pSAD162-8; Fig. 1 ), which interrupted soxB and ORF2, and the MluI mutation (pSAD164-18; Fig. 1 ), which interrupted only soxB, blocked the desulfurization of DBT to 2HBP. Since both SoxC (which oxidizes DBT to DBTO2) and SoxA (which metabolizes DBTO2 to an unidentified intermediate) were 3A and B). Expression of the sox genes was controlled in two ways when E. coli MZ1 was transformed with plasmids pSAD267-1, pSAD277-7A, and pSAD269-2A. First, MZ1 contains the temperature-sensitive XcI857 protein, which represses transcription from X\PL at 30°C. Second, a transcription terminator sequence exists between the X\PL promoter and the XcII ribosome binding site preceding the sox genes (Fig. 3A) , which inhibits transcription unless the XN antitermination protein is present. E. coli MZ1 contains the XN gene under control of the NPL promoter. Thus, when E. coli MZ1 is shifted from 30 to 42°C, cloned genes are induced by removing these dual repression controls.
Each sox gene, when cloned into pSAD262-1 and transformed into E. coli MZ1, expressed high levels of protein at 42°C (Fig. 4) to DBTO2. When the SoxA and SoxC cultures were mixed, the amount of DBTO2 detected decreased 10-fold, indicating that the SoxA protein was active. A small amount of 2HBP was produced when the three cultures were mixed together ( Table  5 ). The activity of the SoxB protein (pSAD277-7A; Fig. 3B In an attempt to improve the enzymatic activities of mixtures of individual Sox proteins, we lysed induced cultures of E. coli MZ1 containing pSAD267-1, pSAD277-7A, or pSAD269-2A. Cells were broken at 20,000 lb/in2 by passage through an Aminco French pressure cell. This treatment resulted in the total loss of detectable SoxA activity and greatly reduced SoxC activity (data not shown). Since the SoxA lysate lost all enzymatic activity, we could not determine if the SoxB lysate was active.
SoxC is similar to members of the acyl-CoA dehydrogenase family. A search of the SwissProt protein sequence database using the FastA program of Pearson and Lipman (29) did not reveal any significant similarities for the Sox proteins. However, the BLOCKS search program identified a strong similarity between SoxC and several acyl coenzyme A (acyl-CoA) dehydrogenases (Table 6 ). acyl-CoA dehydrogenases contain six short, ungapped, highly conserved amino acid sequences (the blocks) (10). The SoxC protein contained sequences that matched the first four conserved blocks, and these were correctly spaced with respect to one another. The likelihood that such a combination would occur by chance was evaluated by the program as a P of <0.003. Two consensus blocks that occur near the carboxyl terminus in the family did not appear in SoxC (data not shown). Matsubara et al. (25) have devised a consensus sequence for the acyl-CoA dehydrogenase family. This consensus was aligned with the SoxC sequence and those of two representatives of that family (Fig. 5) . Of the 150 amino acids in the consensus sequence, 44 (29%) were identical in SoxC (Fig. 5) . This identity increased to 42 of 115 amino acids (37%) if the comparison excluded the sequences prior to the initiation codon of SoxC and the sequences in the carboxyl region past residue 314 (alanine), beyond which SoxC had little or no sequence in common with the acyl-CoA dehydrogenases. In the consensus sequence based on six acyl-CoA dehydrogenases, Matsubara et al. (25) identified 57 amino acids that were strictly conserved (Fig. 5 ). Of these, 19 (33%) were also conserved in SoxC, which corresponds to 42% identity (19 of 45 amino acids) in the portion of the consensus that excluded the extreme amino and carboxyl regions, as noted above.
Members of the acyl-CoA dehydrogenase family bind flavin (25) . Residues in the consensus sequence that are strictly conserved between all the eukaryotic acyl-CoA dehydrogenases (*) and amino acids that are identical in SoxC and the consensus sequence (boxed) are shown. adenine dinucleotide (FAD) noncovalently, and FAD has been shown to increase the enzymatic activity for many acyl-CoA dehydrogenases (12, 22, 38) . To improve SoxC activity in lysates of MZ1 containing pSAD269-2A, we added 10 RM FAD to the cells prior to lysing. The SoxC activity of the lysates was increased in the presence of FAD (Table 7) , consistent with the prediction that SoxC should exhibit some of the characteristics of the acyl-CoA dehydrogenase family. When lysates containing SoxC and FAD were separated into pellet and supernatant fractions by centrifugation at 16,000 X g for 5 min at 23°C, most of the SoxC activity was associated with the pellet fraction, but the activity in the pellet never approached that seen with whole cells or unfractionated lysates (Table 7) . When the pellet and supernatant fractions were recombined, the level of SoxC activity was not restored to the level of the unfractionated lysate. The inability to increase SoxC activity by recombining the pellet and supernatant fractions indicated that it was the fractionation process, and not the loss of the supernatant, that reduced SoxC activity in the pellet fraction. We have not determined if the SoxC protein itself lost its ability to function or whether another element required for SoxC activity was affected.
The desulfurization genes are located on a plasmid in Rhodococcus sp. strain IGTS8. Endogenous plasmids in Rhodococcus IGTS8 and UV1 were separated from chromosomal DNA by hexagonal pulsed-field gel electrophoresis. Immobilization of whole cells in agarose blocks prior to cell disruption eliminated mechanical breakage of the chromosome and any large plasmids. Ethidium bromide staining revealed the existence of three large plasmids in IGTS8 (50, 120, and 400 kb, compared with linear standards) (Fig. 6A) . The absence of the 120-and 400-kb bands from UV1 indicated that these plasmids had been cured from UV1 during the UV mutagenesis procedure used to create the strain (3) . Southern blot analysis with 32P-labeled probes derived from the 4.0-kb BstBI-BsiWI fragment of pSAD225-32 revealed that the DBT-modifying genes are located on the 120-kb plasmid (Fig. 6B) . No hybridization to the chromosomal DNA band or the 50-and 400-kb plasmid bands was detected. Hybridization of the same probe to restriction-digested IGTS8 DNA indicated that there was only one set of sox genes in the Rhodococcus genome (Fig. 6C, lane  2) . Consistent with the absence of the 120-kb plasmid from Rhodococcus strain UV1, there was no hybridization of the sox probe to DNA of that strain (Fig. 6C, lane 3) . 
DISCUSSION
The proposed enzymatic sequence for specific desulfurization of DBT has been termed the 4S pathway (18) . In the classic description of this scheme, the organically bound sulfur is oxidized progressively to create DBTO and DBTO2, eventually leading to the release of sulfur as sulfate and leaving the original carbon structure intact but partially oxidized as o,o'-biphenol (18) . The gram-positive bacterium Rhodococcus sp. strain IGTS8 desulfurizes DBT by a biochemical pathway that is similar, but not identical, to the 4S pathway, with 2HBP being one end product of the reaction (3, 8, 15, 19, 20) .
In We have been unable to determine a definitive role for DBTO in the pathway, since little or no DBTO is observed in the desulfurization reactions. In the absence of SoxC, only DBT02 was desulfurized to 2HBP by cells expressing the remaining two enzymes in the pathway, namely, SoxA and SoxB. Thus, DBTO does not accumulate as the product of a single enzyme, nor is it metabolized further if SoxC is absent. Experiments with DBT as a substrate revealed that DBTO can appear in cultures of bacteria that are desulfurization negative-for example, in the supernatants of wild-type E. coli (data not shown). There is some evidence that higher levels of DBTO may actually inhibit the metabolism of DBT02 to 2HBP in E. coli (2) . This could, in part, explain why Rhodococcus sp. strain IGTS8 grows very poorly (8) or not at all (3) when supplied with DBTO as the sole source of sulfur. Prolonged storage of DBTO can result in the accumulation of DBT02 in the stock bottle, and DBT02 was found to be a contaminant in commercially available preparations of DBTO. These factors have made it difficult to determine an exact role for DBTO in the desulfurization pathway. Although our results, for reactions catalyzed by single gene products, suggest that DBTO is not a stable, individual enzymatic intermediate product of a unique enzyme in the pathway of desulfurization of DBT to 2HBP, we cannot rule out the possibility that it may be a transient step in the formation of DBT02 during the reaction catalyzed by SoxC.
It is unexpected that the SoxC protein should be so closely related to the family of acyl-CoA dehydrogenases. The similarity of SoxC to this family is distributed throughout the first four-fifths of the protein and includes a large proportion of amino acids that are strictly conserved in the consensus sequence of these enzymes. Members of this family are oxidoreductases involved in the first or third steps of fatty acid P-oxidation in mitochondria (25, 38) . The acyl-CoA dehydrogenases bind FAD (38) and, consistent with its relationship to this family, the activity of SoxC was increased by the addition of FAD to cell lysates. The eukaryotic acyl-CoA dehydrogenases transfer reducing equivalents from FAD to a flavoprotein and from there to the rest of the mitochondrial electron transport chain (38). If SoxC has a similar requirement for FAD, this could explain in part why the pellet and supernatant fractions of lysates containing SoxC were less active than were the original unfractionated lysates.
Finally, the location of the desulfurization genes on an endogenous plasmid suggests that the pathway may also be VOL. 176, 1994 on October 21, 2017 by guest http://jb.asm.org/ Downloaded from distributed among other soil microorganisms. The fact that the sox genes can be expressed in E. coli argues that with the appropriate regulatory signals the enzymes could be active in a broad spectrum of genera beyond the rhodococci.
